Uridylate insertion/deletion RNA editing in Trypanosoma brucei is a complex system that is not found in humans, so there is interest in targeting this system for drug development. This system uses hundreds of small non-coding guide RNAs (gRNAs) to modify the mitochondrial mRNA transcriptome. This process occurs in holo-editosomes that assemble several macromolecular trans factors around mRNA including the RNA-free RNA editing core complex (RECC) and auxiliary ribonucleoprotein (RNP) complexes. Yet, the regulatory mechanisms of editing remain obscure. The enzymatic accessory RNP complex, termed the REH2C, includes mRNA substrates and products, the multi-domain 240 kDa RNA Editing Helicase 2 (REH2) and an intriguing 8-zinc finger protein termed REH2-Associated Factor 1 ( H2 F1). Both of these proteins are essential in editing. REH2 is a member of the DExH/RHA subfamily of RNA helicases with a conserved C-terminus that includes a regulatory OB-fold domain. In trypanosomes, H2 F1 recruits REH2 to the editing apparatus, and H2 F1 downregulation causes REH2 fragmentation. Our systematic mutagenesis dissected determinants in REH2 and H2 F1 for the assembly of REH2C, the stability of REH2, and the RNA-mediated association of REH2C with other editing trans factors. We identified functional OB-fold amino acids in eukaryotic DExH/RHA helicases that are conserved in REH2 and that impact the assembly and interactions of REH2C.
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H2
F1 upregulation stabilized REH2 in vivo. Mutation of the core cysteines or basic amino acids in individual zinc fingers affected the stabilizing property of H2 F1 but not its interactions with other examined editing components. This result suggests that most, if not all, fingers may contribute to REH2 stabilization. Finally, a recombinant REH2 (240 kDa) established that the full-length protein is a bona fide RNA helicase with ATP-dependent unwinding activity. REH2 is the only DExH/RHA-type helicase in kinetoplastid holo-editosomes. PLOS 
Introduction
Kinetoplastid protozoa including Trypanosoma brucei are early-branching eukaryotes that require extensive insertion and deletion of uridylates in most mitochondrial mRNAs (reviewed in [1] ). This RNA editing is protein-catalyzed and directed by small guide RNAs (gRNAs) with complementarity to fully-edited mRNA. Most editing progresses in blocks that typically overlap and each block is directed by a single gRNA [2] . The editing machinery includes multiple subcomplexes: the~20S catalytic RNA editing core complex (RECC, also called the 20S editosome) and auxiliary editing RNPs. The~15S REH2-associated complex (REH2C) characterized here includes RNA editing helicase 2 (REH2), REH2-associated protein factor 1 ( H2 F1), H2 F2, and mRNA substrates and products [3, 4] . However, only REH2 and H2 F1 participate in editing. REH2C interacts with a larger accessory editing RNP complex termed the RNA editing substrate binding complex (RESC), which also contains mRNA [5, 6] . The presence of mRNA in RESC was confirmed by others [7, 8] .
RESC contains two modules that are intimately associated with each other: the gRNA-binding complex (GRBC) typified by the GAP1/GAP2 (alias GRBC2/GRBC1) heterotetramer that binds and stabilizes gRNA, and the more loosely defined RNA editing mediator complex (REMC) [6] . REMC is typified by RGG2 and promotes editing progression [8] [9] [10] . Other mRNA trans factors include a subcomplex containing MRB6070 and MRB1590, and RNA helicase REH1 that associate with holo-editosomes via stable or transient RNA contacts, respectively [11] [12] [13] . The finding that the editing RNPs carry mRNA and gRNA implied that mRNA-gRNA hybrids form on multi-RNP platforms, and that transient addition of the RECC enzyme to the substrate-loaded platforms completes the assembly of the holo-editosome [3] [4] [5] [6] [7] [8] .
The editing apparatus is further complicated by the occurrence of variants of GRBC, REMC and RECC that may be regulatory [reviewed in 1] but the precise control mechanisms in editing remain unclear. However, the helicase REH2C subcomplex may play an important regulatory role. REH2 is the largest characterized member of the DExH/RNA helicase A (RHA) subfamily of proteins [14] . These proteins are monomeric and contain a conserved Cterminal domain cluster with a characteristic auxiliary oligonucleotide-binding (OB fold) domain [3, [14] [15] [16] . The OB fold in some RNA helicases is known to bind protein regulators or mediate RNA-dependent activation of these enzymes [17] . DExH/RHA proteins have a N-terminus with a variable domain organization of less clear function. The N-terminal half of the REH2 carries two predicted double-stranded RNA binding domains: dsRBD1 and dsRBD2 [14] . Other characterized DExH/RHA-type proteins that carry two N-terminal dsRBDs are the RNA helicase RHA (aka DHX9) in vertebrates and its orthologous RNA helicase MLE (maleless) in flies [18] . Recombinant versions of the REH2 C-terminal half and full-size octa-zinc finger H2 F1 formed a stable complex in vitro [4] . However,
H2
F1 is an unusual binding partner of DExH/RHA proteins that typically associate with G-patch proteins [17] . A genetic knockdown of H2 F1 prevented RNA-mediated association of REH2 with other editing components and caused fragmentation of REH2 in vivo. Those results indicated that H2 F1 is an adaptor protein and may stabilize REH2 [4] .
The current study identified features in REH2 and H2 F1 that affect the binding of these proteins with each other, the stability of REH2, and RNA-mediated stable or transient association of the REH2C subcomplex with other editing components in vivo. About 20 different protein variants were examined in vivo. Comparisons of the REH2 with other eukaryotic DExH/RHA helicases identified conserved OB fold residues that affect the assembly and interactions of REH2C and are also important in distant processes, namely mRNA splicing in yeast, and the assembly of the dosage compensation complex in fly.
F1 upregulation stabilized the large REH2 polypeptide in vivo. However, mutation of individual zinc fingers compromised the stabilizing property of H2 F1 but not its association with REH2 or other examined components of the editing apparatus. Most if not all fingers may contribute to REH2 stabilization. Finally, we used a recombinant protein construct to establish that the isolated full-length REH2 (240 kDa) is a bona fide RNA helicase enzyme with ATP-dependent unwinding activity. REH2C is most likely an enzymatic editing RNP in kinetoplastid holo-editosomes.
Results
Previous studies revealed that the native REH2C exhibits RNA-mediated interactions with at least two variants of RESC [3] [4] [5] . These variants contain gRNA and comparable levels of GAP1 and RGG2, that typify GRBC and REMC, respectively. However, these variants differ minimally in their relative content of the canonical MRB3010 in GRBC. Additional variations in protein composition have been reported in purifications of RESC components by different labs (reviewed in [1] ). Interestingly, native and genetically-induced changes in MRB3010 stoichiometry may be common. While the precise reasons for these changes are unclear, we reasoned that they reflect relevant dynamic changes in the assembly and function of the editing apparatus. In this study, we examined protein features that affect the formation of REH2C, its stable association with RESC components, and its transient contacts with the RECC enzyme. Because the examined helicase-associated RESC variant exhibits substoichiometric MRB3010, we refer to its variant GRBC module as GRBC � [4] . Using antibodies made available to us, we have detected other proteins in pulldowns of REH2 that may be part of this RESC variant including both GAP1/GAP2 paralogs and MRB8170. The REH2 pulldowns also contain MRB6070 that was found in a MRB6070/MRB1590 subcomplex that associates via RNA with RESC [11] (S1 Fig). However, further analysis of relative composition between variants is needed.
Analysis of REH2 mutants in vivo
We analyzed the importance of specific features of REH2, both in the formation of REH2C and in the association of this subcomplex with other components in holo-editosomes (constructs listed in Fig 1A) . To this end, we expressed a tetracycline (Tet)-inducible REH2 wildtype (WT) construct with a Tandem Affinity Purification (TAP) tag [3] and examined its copurification with endogenous H2 F1 and GAP1 proteins, of REH2C and GRBC, respectively. We found that ectopic REH2 was able to reconstitute interactions of the native REH2 protein in trypanosomes (Fig 1B and 1C, lanes 1-2, respectively) . With this system in hand, we tested the assembly of REH2 variants bearing truncations or point mutations in an approach that has been used in other eukaryotic DExH/RHA helicases [16, 19] . All REH2 mutants examined were directly compared and normalized to a WT construct used as control. Neither overexpression or depletion of REH2 affects the steady-state level of its binding partner H2 F1 or the examined GRBC proteins [3, 4] .
N-and C-truncations. We examined N-and C-terminal regions (NTR and CTR) flanking the catalytic and helicase associated domains RecA1/RecA2 and HA2, respectively, in REH2. We removed sequences in the unique NTR (>1000 residues) in the REH2 variants ΔN and ΔNds. Next, we removed the CTR after the OB fold (123 residues) or from the OB fold (260 residues) in the ΔAOB and ΔOB variants, respectively. REH2 and its orthologs in kinetoplastids carry the longest N terminus in the known DExH/RHA-type helicases (~1300 residues in REH2 from T. brucei) [14] . Direct comparisons with the REH2 WT construct showed that the examined N-and C-resections reduced the association of the shortened REH2 polypeptides with H2 F1 and GAP1 proteins (Fig 1B and 1D ). This suggested that both termini of REH2 may contribute to the normal assembly of REH2C and its RNA-mediated interactions with other editing components in vivo. The dsRBDs, the OB fold, and undefined features in the N and C termini may be involved. It is also conceivable that the examined sequence resections may impact the global conformation of REH2, thereby indirectly affecting its protein interactions. In that case, the normal REH2 interactions in the editing apparatus may be sensitive to overall changes in the integrity or conformation of REH2. A comparison of REH2 ΔN and F1 and GAP1 in the pulldowns. Representative assays from panels A-B and other pulldowns in this study were used to plot +/-1 SD, n = 3 for each mutant. The
ΔNds in whole-cell and enriched-mitochondrial extracts indicated that these large truncations do not prevent mitochondrial import (S2 Fig). Because the CTR includes a potentially regulatory OB fold in DExH/RHA-type RNA helicases [16] , we focused on this domain in the subsequent studies of REH2.
Point mutations. Our structural searches of the OB fold-like domain in REH2 using Phyre2 [20] found the best agreements of the REH2 OB fold with structures of yeast ADPbound Prp43p helicase and Drosophila RNA helicase MLE in a complex with RNA and ADP-Alf4 [4, 16, 18, 21] . Prp43p is a bi-functional helicase in mRNA splicing and ribosome biogenesis [15, 22] . The helicase MLE remodels roX RNA substrates to promote assembly of the dosage compensation complex in Drosophila [18] . We examined specific residues in the predicted OB fold of REH2 that seem to be conserved in the DExH/RHA helicases mentioned above (Fig 2A and 2D) . OB point mutations were compared to two controls: REH2 WT and a mutation in dsRBD2 (dsR) that reduces the association of REH2 with GAP1, gRNA and mRNA (Fig 2A, lanes 1 and 2, respectively) [3] . The β1-β2 and β4-β5 loops in the OB fold may F1 and GAP1 (in GRBC � ) with tagged REH2 WT or variants with point mutations at: (A) the OB fold domain including R1979A (1979), H1998E (1998) and R1999E (1999). The previously characterized dsR mutant with an inactivating double mutation in the dsRBD2 was included for comparison [3] . A few non-specific species crossreact with the antibodies in some assays; and (B) the OB fold domain including double 1998/1999 (98/99) or single R2023A (2023) mutations. (C) Charts of the relative levels of H2 F1 and GAP1 in the pulldowns. Assays from panels A-B and biological replicate pulldowns in this study were used to plot +/-1 SD, n = 2 or n = 3 for each mutant. The H2 F1/REH2 and GAP1/REH2 ratios in each REH2 mutant were normalized to the ratios in REH2 WT (= 1, in the plot). (D) Secondary structure prediction of the OB fold with α-helix (cylinders) and β-strand (arrows) elements, and the position of point mutations examined indicated by arrows.
https://doi.org/10.1371/journal.pone.0211525.g002
include determinants in nucleic acid recognition (Fig 2D) [16, 18] . In helicase Prp43p, mutation of K704 (β4-β5 loop), which is exposed to the solvent in the Prp43p structure, decreased the RNA affinity and ATPase activity of the helicase in vitro [16] . Sequence alignments and a homology model derived from the structure of Prp43p matched K704 in Prp43p with R2023 in the predicted β4-β5 loop in REH2 (S3 Fig)[4] . We also examined R1979 in REH2 that is not conserved in Prp43p and may serve as an internal control. Pulldowns of the R1979A and R2023A mutants suggest that neither mutation alters the association of REH2 with H2 F1 (Fig  2A and 2C) . R1979A did not appear to affect the REH2 association with GAP1. However, R2023A caused a moderate decrease in the association with GAP1, implying that at least R2023A could be disruptive in trypanosomes.
In helicase MLE, several residues in the OB fold bind to specific uridylates in U-rich sequences in roX transcripts. Mutation of some of these residues impaired RNA binding by MLE in vitro or the proper localization of MLE in chromosomes [18] . Sequence alignments and homology models indicated that the residues H1032 and K1033 in MLE likely represent residues H1998 and R1999 in the predicted β3−β4 loop in the OB fold in REH2 (Fig 2D; S4  Fig) [21] . The H1998E mutant appeared to retain a normal association with H2 F1 but exhibited a moderate decrease in association with GAP1. In contrast, R1999E either alone or together with H1998E (98/99) exhibited a more robust decrease (over 60%) in association with both H2 F1 and GAP1 (Fig 2A and 2C ). This indicated that H1998 and R1999 contribute to the assembly of the REH2 helicase with other editing components. However, R1999 has a higher impact on such interactions than the adjoining H1998. As expected, the dsR mutant used as a control exhibited a strong decrease in association with GAP1. However, the dsR mutation did not seem to affect the association of REH2 with H2 F1 (Fig 2A and 2C) . Pulldowns of the mutants were normalized to the REH2 WT control as in Fig 1 . Table 1 summarizes observed effects of the examined mutations in REH2 on its association with H2 F1 and GAP1. While large protein truncations in REH2 may alter the global conformation of the polypeptide, relevant point mutations in REH2 are more likely to cause specific functional effects. Our systematic mutagenesis of REH2 suggests an intricate interaction network including features across both N-and C-terminal regions of REH2 that affect the assembly of REH2C, and the association of this subcomplex with GAP1-associated RNPs in vivo. Remarkably, these observations also indicate that equivalent residues in the auxiliary conserved OB fold domain in DExH/RHA helicases function in disparate RNA processes in the taxonomically distant species of trypanosomes, yeast, and fly.
Analysis of

H2
F1 mutants in vivo
To analyze specific features of the H2 F1 zinc finger protein in trypanosomes, we expressed a Tet-inducible TAP tagged H2 F1 WT construct and examined its association with endogenous REH2, GAP1 and REL1 proteins. REL1 is a subunit of the editing enzyme RECC. We found that the tagged H2 F1 WT was able to reconstitute interactions of the native H2 F1 protein in trypanosomes (Fig 3) . Notably, expression of the ectopic F1 in the gradient. However, the relative abundance of these proteins at high and low densities differs substantially. It is possible that the association between REH2 and H2 F1 or their stoichiometry in REH2C varies in vivo. Additional studies will be necessary to examine these possibilities.
To determine if the stabilizing effect of H2 F1 requires one or more zinc finger (Znf) domains, we introduced amino acid substitutions that either disrupt the canonical fold of the domain (by replacing the canonical residues) or eliminate the positive charge (by replacing various basic residues with neutral residues) in individual fingers of the ectopic construct. The examined H2 F1 mutants are summarized in Table 2 . The location of the fingers and the examined substitutions (including between 2 and 6 basic residues per finger) in the full sequence of F1 mutants examined were directly compared and normalized to a WT construct used as control in all panels. This enabled the separation of mutants in multiple panels.
Canonical cysteine residues. We changed two cysteines to two alanines (C2>A2) to disrupt the native conformation of the predicted zinc fingers (Fig 3A) . We began by disrupting Znf5 because of its significant homology to a reported dsRNA-bound C2H2 zinc finger domain structure [4, 14, 24] . Mutants are referred to in the text by the acronym in the general form ZnfX. A shorter version of the acronym is used in the figure annotations. The resulting mutant protein Znf5 C2>A2 did not induce an evident increase in the steady-state level of endogenous REH2 as we found after expressing the F1. These assays showed that the H2 F1 WT and Znf5 C2>A2 variants similarly associated with endogenous helicase REH2, GAP1 and REL1 ligase (Fig 3C and 3E) . Notably, pulldowns of both tagged H2 F1 WT and Znf5 C2>A2, contain endogenous H2 F1 ( Fig 3D) . The above data suggest that Znf5 is not essential for the normal association of H2 F1 with other editing components. We cannot rule out that the endogenous H2 F1 is "saving" the examined associations with the mutant H2 F1. We also attempted to generate a H2 F1 variant bearing a triple C2>A2 substitution in Znf6, Znf7 and Znf8. However, expression of this construct was unstable and eventually lost in culture. Together, the observations above suggest that H2 F1 may require a full complement of zinc fingers in their native conformation to stabilize REH2 but not to associate with the examined editing components. Variable basic residues. Because the native conformation of the zinc fingers seems required for H2 F1 to stabilize REH2 we introduced mutations that decrease the positive charge in the zinc fingers yet likely to retain native conformation [25] . We expressed H2 F1 variants to test the role of several basic residues around the core residues that are mostly located between the second cysteine and the first histidine ( Fig 4A) [26] . Specifically, we introduced R/K>A substitutions (between 2 and 6 per finger) to decrease the positive charge in the zinc fingers and to remove potential charge-charge interactions with REH2 or associated RNAs. As above, we use in the text the acronym in the general form ZnfX but a shorter version of the acronym in the figures. Our functional analyses of Znf1, Znf2, Znf3 or Znf5 R/K>A variants showed that the loss of positive charge in any of these zinc fingers reduced the ability of H2 F1 to induce the accumulation of intact endogenous REH2 in extracts (Fig 4B and 4C) . However, these mutations did not prevent the association of H2 F1 with REH2, GAP1 and REL1 (Fig 4D and  4F ). These expressed H2 F1 variants also co-purified with endogenous H2 F1 at a level comparable to the WT construct (Fig 4D and 4F ). The data above indicated that the wildtype and R/ K>A variant proteins associated similarly with the examined editing components. Overall, F1 mutants may exhibit defects in the examined associations and that these defects are masked by the endogenous H2 F1. However, the reduced stabilizing property of the mutants was not saved by the endogenous H2 F1. Further studies using isolated recombinant proteins are needed to establish direct protein contacts between H2 F1 monomers as was shown between REH2 and H2 F1 [4] . N-and C-truncations. Because mutagenesis of the tested Znf domains did not prevent the association of H2 F1 with other editing components in vivo, we asked if fragments of H2 F1 retain these interactions. To test this question, we expressed N-or C-terminal fragments including Znf1-to-Znf3 (termed ΔC) or Znf4-to-Znf8 (termed ΔN) that span 49% and 51% of the H2 F1 polypeptide chain, respectively (Fig 5A, bottom) . These two fragments exhibited minimal or no association with the examined endogenous REH2, H2 F1, or REL1 ligase (Fig 5A) . These mutants were directly compared with the H2 F1 WT and Znf4 R/K>A constructs. We note that while Znf4 R/K>A was examined separately from the R/K>A variants in Fig 4, all R/ K>A mutants are normalized to the H2 F1 WT construct and uniduced lane that were included in each gel. As with other R/K>A mutants, Znf4 R/K>A did not cause an evident increase in the steady-state level of endogenous REH2 in extracts as we found with the H2 F1 WT construct. The relative level of endogenous REH2 was 1.0 +/-10% in the induced extract with Znf F1-WT ectopic expression increased the level of endogenous REH2. ✝No change (i.e., level within standard deviation of at least two biological replicates).
R/K>A normalized to the uninduced control. The Znf4 R/K>A and other Znf R/K>A mutations in the current study retained all tested interactions that are observed with the H2 F1 WT control. However, the ΔN and ΔC constructs failed to establish basic interactions with the tested editing components. Because the native REH2C subcomplex carries mRNA [4] , we wondered if the H2 F1 ΔN and ΔC constructs also fail to co-purify with mRNA. To this end, we quantitated the relative content of mitochondrial transcripts in the pulldowns of the WT, ΔN, Assembly of the helicase REH2C subcomplex in RNA holo-editosomes ] for each construct. The mutant proteins were then normalized to the tagged WT protein. All values took into account the recovery of tagged protein in each pulldown in panel A. Three independent biological replicates with Cq average values and one standard deviation (+/-1 SD, n = 3) were plotted. Non-specifically associated cytosolic transcripts differed substantially in pulldowns of different mutants, so these transcripts were not used as reference. Mitochondrial unedited (UE) and edited (ED) and cytosolic RNA transcripts are indicated. RPS, Murf, and 9S are abbreviations for RPS12, Murf2, and 9S rRNA, respectively. 1390 and 1400 are abbreviations for the cytosolic HGPRT isoforms Tb927.10.1390 and Tb927.10.1400, respectively. Tub is tubulin. Other short names are standard.
https://doi.org/10.1371/journal.pone.0211525.g005
Assembly of the helicase REH2C subcomplex in RNA holo-editosomes and ΔC constructs in biological replicate experiments that were performed in triplicate ( Fig  5B) . The examined mitochondrial transcripts include examples of unedited, edited, and neveredited mRNA (ND4), and ribosomal RNA 9S. We also examined cytosolic transcripts (Tubulin, 1400 and 1390) to score non-specific RNA interactions of editing subcomplexes as in previous pulldown studies [5] . Relative to the H2 F1 WT control used for normalization, both ΔN and ΔC pulldowns exhibited a dramatic loss in bound mitochondrial mRNAs (Fig 5B, upper  and middle panels) . Interestingly, the level of cytosolic mRNAs was similar in the ΔN and WT proteins but dramatically less in the ΔC variant. The latter variant lost most examined RNA interactions: specific and non-specific. An exception may be mitochondrial RNA 9S. We also compared the relative impact of the ΔN and ΔC deletions with a more discrete alteration in Znf4 R/K>A (Fig 5B, lower panel) . The level of mitochondrial RNAs in the Znf4 pulldown was similar to that of the F1 to bind editing proteins and transcripts due to the reduced localization and stability of this construct. Finally, the more discrete alteration in Znf4 R/K>A may have caused a relatively mild decrease in RNA affinity that mostly affected weak, non-specific interactions, e.g., by cytosolic RNA in the pulldowns of H2 F1.
Analysis of recombinant REH2 in vitro
The conserved predicted catalytic domains in REH2, the unwinding activity in pulldowns of REH2 or
H2
F1 from extracts, and the loss of this activity in the pulldowns after mutating catalytic amino acids in REH2, indicate that REH2 in the context of its native subcomplex functions as an RNA helicase [3, 4, 23] . However, the unwinding activity of the isolated REH2 has not been formally established. We have now generated a his-tagged recombinant full-length rREH2 polypeptide (240 kDa) without its mitochondrial leader sequence (see the methods section) that supports robust ATP-dependent unwinding of a synthetic dsRNA substrate in vitro. This polypeptide is largely intact in most preparations (Fig 6A) . The dsRNA substrate in our assay is a mimic of the native A6 editing system formed by pre-annealing of a 3' fragment of the pre-mRNA A6 with a cognate gRNA. The synthetic A6 mRNA/gRNA pair supports a full round of U-deletion editing in an in vitro assay with cell extracts and purified RECC enzyme [27, 28] . The unwinding activity of the recombinant enzyme increased in a titration with increasing concentrations of rREH2, and also in a time course up to 30 min when most of the annealed radiolabeled RNA was unwound (Fig 6B and 6C ). An upshift of radiolabeled RNA in a ribonucleoprotein complex (RNP) at the highest tested concentrations of rREH2 (12 pmoles) in the titration (Fig 6B) may be due to the known RNA binding activity of the native REH2 established by UV crosslinking [5, 23] . The radiolabeled strand (gRNA) alone or in heattreated controls of the dsRNA substrate exhibit the same gel mobility as the helicase-unwound gRNA (Fig 6C and 6D) . In summary, the isolated 240 kDa recombinant REH2 is a bona fide RNA helicase enzyme in vitro, and further supports the idea that REH2 may remodel RNA or its RNPs in editing.
Discussion
In the current study, we examined over 20 constructs of REH2 and H2 F1 (Tables 1 and 2 ) to identify features in these editing proteins that impact the stability of REH2, the assembly of the REH2C RNP, and its RNA-mediated coupling with other components of the RNA editing Assembly of the helicase REH2C subcomplex in RNA holo-editosomes holoenzyme (or RNA holo-editosome). We also formally established that the isolated REH2 is a bona fide RNA helicase enzyme.
The mRNA editing trans factors core enzyme RECC and accessory RESC and REH2C exhibit transient and stable contacts with each other via RNA. Variants of RECC and the RESC modules, GRBC and REMC, are also emerging in studies by different labs (reviewed in [1] ). These variants imply a dynamic nature of holo-editosomes that may be important in editing control and needs further characterization. The helicase complex REH2C exhibits transient and stable contacts with variants of RESC that minimally differ in the relative content of MRB3010 (in the GRBC module). This study focused on stable interactions by REH2C that can be readily examined. Prior studies in vivo showed that inactivating mutations in the helicase ATP binding site or the dsRBD2 domain dissociate REH2 from mRNA and RESC components, suggesting a general helicase detachment from the editing apparatus [3] .
H2
F1 RNAi dissociates the helicase from canonical proteins in the RESC modules. RNAi knockdown of either H2 F1 or REH2 also inhibited the editing associated with a RESC variant that is particularly active and transiently interacts with REH2C [3, 4] . These and other observations indicate that transient and stable contacts in dynamic holo-editosomes including those involving REH2C are important.
A systematic mutagenesis in the current study identified features affecting the assembly of the REH2C RNP, or its association with other editing components in vivo.
REH2 mutants in vivo
The NTR truncations examined here (>1000 residues each), ΔN and ΔNds, caused a major loss in H2 F1 binding and RNA-mediated association with GAP1. The only difference between the ΔN and ΔNds constructs is that the latter lacks the~70 amino acid dsRBD2 domain. As mentioned above, the dsRBD2 promotes the addition of REH2 into holo-editosomes [3] . Also, the dsRBD2 in the related helicase MLE in flies may provide a major RNA-binding surface [29, 30] . The tested truncations suggest that other N-terminal features besides dsRBD2 may contribute to normal interactions by REH2 in vivo. These truncations may also introduce topological changes that alter the normal REH2 interactions but do not prevent localization of the constructs in enriched-mitochondrial extracts (S2 Fig) . Conformational changes were proposed to modulate interactions by other eukayotic DExH/RHA helicases [18, 31] . Overall, the tested NTR truncations may indicate the presence of unidentified protein features or global changes in conformation that affect the REH2 interactions. Further studies will be needed to resolve these possibilities. However, relatively short CTR truncations and point mutations that affected the REH2 interactions with other editing components are less likely to cause major conformation changes in REH2.
We have speculated that the conserved OB fold in DExH/RHA subfamily helicases may share functional residues in kinetoplastid RNA editing and other RNA processes [14] . Our examined C-terminal truncations included most of the CTR (260 residues in ΔOB) or elements beyond the OB fold that may be specific of REH2 (123 residues in ΔAOB). We examined R2023 in REH2 that corresponds to R704 in helicase Prp43p in yeast spliceosomes [16] ( S3  Fig). R2023 should be located in a critical loop, β4-β5, in the REH2 OB fold. In yeast, R704 is poised to interact with the RNA substrate entering the helicase cavity, and mutation of this residue inhibits the RNA binding and RNA-mediated activation of Prp43p [16] . We also examined R1979 in REH2, which is not conserved in Prp43p. In trypanosomes, the R2023A substitution had a moderate effect on the stable RNA-mediated association of REH2C with GAP1. However, R1979A did not evidently affect this interaction. Neither R1979A or R2023A seem to significantly affect the REH2 direct interaction with H2 F1.
Similarly, H1998 and R1999 in REH2 were compared to the equivalent H1032 and K1033 positions in the RNA helicase MLE in flies. The later residues in MLE bind specific uridylates in U-rich roX boxes of the cognate roX RNA. H1032 and K1033 are also needed for the chromosomal localization of MLE in the Drosophila dosage compensation complex [18] . The H1998E substitution had a moderate effect on the REH2 association with GAP1 but had little or no effect on the interaction with H2 F1. In contrast, the adjacent substitution R1999E affected both the direct REH2 interaction with H2 F1 and the RNA-based REH2 association with GAP1. These results are consistent with the idea that H2 F1 is an adaptor protein of REH2 [4] , and that structure-function correlations may be traceable to specific conserved amino acids in REH2 and related helicases in highly-diverged species [14] . This is also in line with the idea that the OB fold in DExH/RHA helicases, including REH2, is a conserved regulatory domain.
H2
F1 mutants in vivo
H2
F1 has eight predicted C2H2 Znf domains that cover over~45% of the polypeptide sequence. Apart from the Znf domains, H2 F1 has no evident sequence or structural conservation outside of the kinetoplastids.
F1 is an adaptor protein that brings the REH2 to the editing machinery [4] and it also stabilizes REH2. That is, the induced downregulation of H2 F1
caused fragmentation of REH2 [4] , and we showed here that the converse upregulation of Besides the REH2• H2 F1 system, other DExH/RHA helicase•Znf protein pairs have been characterized [14] . In the DXH30•ZAP system in antivirus protection in humans, the antiviral protein ZAP has four Znf motifs that participate in viral RNA recognition [32, 33] . All four fingers lie on a positively charged surface in a crystal structure of ZAP [25] and mutation of basic residues in the fingers inhibited the ZAP antiviral function [33] . The ZAP studies imply that stabilization of REH2 by H2 F1 could involve a precise topology of its zinc fingers, and that the H2 F1 fingers may participate in RNA binding. Notably, recombinant ZAP is multimeric [25] . If 
REH2 may function as an RNA helicase in kinetoplastid RNA editing
Prior studies suggested that REH2 is a functional helicase in RNA editing. REH2 pulldowns from GAP1-depleted extracts exhibit RNA unwinding activity [4] , and the mutation of catalytic residues in the predicted RecA1 domain inhibits the unwinding activity in pulldowns of REH2 [23] . We have now established that the isolated full-length recombinant REH2 (240 kda) is a bona fide RNA helicase enzyme. This further indicates that REH2, the only DExH/ RHA helicase in kinetoplastid holo-editosomes provides an ATP-dependent unwinding activity in RNA editing. Additional studies are needed to determine if H2 F1 affects the activity of REH2. Besides REH2, the editing apparatus also requires the DEAD-box RNA helicase REH1 [12, 13] . REH1 is not part of the RNPs studied here and seems to lack a direct binding partner. A transient RNA-mediated interaction of REH1 with other editing proteins has been detected [23, 34] . REH1 and REH2 are functionally different. REH2 is needed for editing within single blocks, including the first "initiating" block [3] . In contrast, REH1 is needed for editing of two or more blocks (i.e., by overlapping gRNAs) but has no effect on the first block, suggesting a role in gRNA exchange [13] . Both RNA helicases may promote critical remodeling of RNA or RNP structure. Our ongoing RNA-seq analyses may provide additional functional insights concerning REH2C (Kumar et al., unpublished).
Possible roles of editing complex variants
The editing apparatus much like the splicing and transcription molecular machines may exhibit dynamic phases of assembly and function. The RECC enzyme has multiple isoforms that include several RNase III (RIII)-like protein subunits. These RIII proteins have the potential to form a large number of binary combinations that could modulate substrate recognition [35] [36] [37] . Also, natural GRBC and REMC isoforms and genetically-induced changes in their protein/RNA organization are emerging. A recurring theme is the variable interaction between the essential GAP1/2 heterotetramer and MRB3010 (GRBC6) [1, 6, 38] that is potentially regulatory. For example, GRBC variants in pulldowns of MRB3010 or REH2 differ in relative content of MRB3010 and editing level in associated mRNAs [3, 5] . Also, RNAi of REH2 or H2 F1 caused a reduced editing in mRNAs in the MRB3010 pulldowns [3, 4] . REH2 and H2 F1 features, including those examined here, may affect specific steps in the editing mechanism and we are currently addressing this.
Materials and methods
Cell culture
T. brucei Lister strain 427 29-13 procyclic was grown axenically in log phase in SDM79 medium [39] and harvested at a cell density of 1-3x10 7 cells/mL. All transgenic cell lines were induced with tetracycline at 1μg/mL. The REH2 WT-TAP and H2 F1 RNAi cell lines that were used as controls were generated in our lab [3, 4] . We have seen that the TAP tag in REH2, including the WT construct, seems to slow the growth of trypanosomes after several days of culture [23] . This and presumably incomplete cloning after transfection may account for the uneven expression levels in extracts from independent subcultures. To partially control for this issue, most plasmid constructs used to generate the current data figures were made to use puromycin selection. Most transfections used tetracycline-screened HyClone Fetal Bovine Serum (FBS) (SH30070.03T; GE Healthcare). This enabled a faster cell recovery after transfection than with constructs using phleomycin selection that were originally used in cell lines and appeared somewhat less stable during subculture. Regardless of this issue, independent analyses of protein associations were consistent with either puromycin or phleomycin constructs.
DNA constructs
All overexpression and RNAi studies used inducible plasmid constructs. The constructs for H2 F1 RNAi and the REH2 dsRBD2 mutant K1078A/A1086D were previously reported [3, 4] . N-terminal deletion constructs for REH2 (ΔN and ΔNds) and H2 F1 (ΔN) were prepared using the In-Fusion HD Cloning Kit (639648; Clontech). Two PCR amplicons were prepared in each case using CloneAmp HiFi PCR Premix (638500; Clontech) and were then gel-eluted using NucleoSpin Gel and PCR Clean-up (740609.10; Clontech). One amplicon encodes the first 34 amino acids of REH2 (primers: F-1503, R-1522), including the predicted REH2 mitochondrial leader sequence (REH2-MLS) [23] , that was used for all N-deletion constructs. The other amplicon included the remaining relevant gene fragment sequence: 3070-6501 bases (REH2 ΔN), 3280-6501 bases (REH2 ΔNds), or 766-1572 bases ( H2 F1 ΔN). Three-piece in-fusion reactions were performed to join the two amplicons and pLEW79-ada-TAP plasmid linearized at XhoI and BamHI [40] . The PCR primers (S1 Table) 
Western blots
Western blots of REH2, H2 F1 and H2 F2 (subunits of REH2C), GAP1 (alias GRBC2; subunit of GRBC) and A2 (alias MP42; subunit of RECC) were performed as reported [4, 23] . Western blots of the GAP1/GAP2 (alias GRBC2/GRBC1) paralogs simultaneously, and of MRB8170 and MRB6070 (subunits of REMC and MRB6070/1590 assemblies, respectively), were performed as previously described [42, 43] . GAP1 alone was examined in the main data figures. Both GAP1/ GAP2 were examined in S1 and S5 Figs. Peroxidase Anti-peroxidase antibody (P1291; Sigma) diluted to 1:200 (v/v) was used to detect the TAP-tag. EF-1 α1 antibody (sc-21758; Santa Cruz Biot) diluted to 1:200 (v/v) was used as a cytosolic marker. Protein quantitative analyses using Amersham ECL western blot detection reagents were performed in an Amersham Imager 600.
Radioactivity assays
RNA ligases in the RECC enzyme were radiolabeled by self-adenylation directly on the beads in IgG pulldowns [44] . Unwinding assays of REH2 used reported conditions with a few modifications [4] and full-length recombinant His-REH2. The dsRNA substrate in these assays used an A6 mRNA/gRNA pair [23] . The A6 pair mimics the endogenous ATPase subunit 6 substrate. The gRNA was transcribed with RNA T7 polymerase from an amplicon (S1 Table) after DraI restriction digestion and gel purification of the product. The 61-nt gRNA was 5'-labelled with γ 32 P-ATP using T4 Polynucleotide kinase. The 62-nt mRNA was synthetic (IDT). A mix with 3 pmoles of labelled gRNA and 12 pmoles of mRNA was heated at 95˚C for 3 min, and then immediately incubated for 30 min at room temperature in the annealing buffer (10 mM MOPS pH 6.5, 1 mM EDTA, and 50 mM KCl). The annealed RNA hybrids were isolated from native 12% PAGE run at 4˚C at 50 V for 120 min in 0.5x Tris-borate-EDTA buffer. Standard 
Cell extracts and purification of protein and RNA from IgG pulldowns
Whole cell extracts as well as mitochondria-enriched (mini-mito) extracts were used in this study. Whole-cell extracts were generated by incubation of cell pellets in MRB-Triton buffer (25 mM Tris-Cl pH 8.0, 10 mM MgOAC, 1 mM EDTA, 10 mM KCl, 5% glycerol, 0.5% Triton X-100) at 4˚C for 45 minutes followed by centrifugation at 15,000g for 30 minutes. Mitochondria-enriched extracts were prepared using a simplified protocol similar to others reported earlier [2, 45] . Namely, cell pellets were resuspended into hypotonic DTE buffer (1 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0) supplemented with protease inhibitors and disrupted in a Dounce homogenizer. The suspension was passed through a 26-gauge needle as originally described [46] . The enriched mitochondrial vesicles were spun down and the cytosolic content in the supernatant discarded. This step improved the recovery of intact REH2 compared to whole-cell extracts. REH2 is more prone to fragmentation than other proteins examined in this study. The following steps were also as in [46] . The pellet was resuspended into STM buffer (0.25M Sucrose, 20 mM Tris-HCl pH 8.0, 2 mM MgCl 2 ) supplemented with DNase I, RNase-free (EN0523; Fisher Scientific). The reaction was stopped with one volume of STE buffer (0.25 M Sucrose, 20 mM Tris-HCl pH 8.0, 2 mM EDTA pH 8.0). The enriched mitochondria were spun down and washed in STE buffer. The pellet was resuspended into MRB-Triton buffer and incubated in ice for 15 min. The suspension was spun down at 15,000g at 4˚C for 30 min. The supernatant was collected and stored at -80˚C. In IgG pulldowns of the extracts, ectopically expressed TAP-REH2 and TAP-H2 F1 were recovered as reported [4, 23] with some modifications. Approximately 2 mg of protein was mixed with 1x SUPERase�In RNase inhibitor (Invitrogen) and incubated with Dynabeads IgG (11203D; Invitrogen). The beads were washed five times with 1ml of wash buffer (150 mM NaCl, 1 mM EDTA, 10 mM MgAOc, 0.1% NP-40, and 25 mM Tris pH 8.0). Protein was eluted from the beads with 15 μL of 1x SDS loading buffer at 95˚C for 2 min. RNA was extracted by treating the beads with 4U proteinase K (NEB) for 2 hrs at 55˚C, followed by phenol extraction and ethanol precipitation. For some pulldowns, RNase A/T1 mix (EN0551; Fisher Scientific) was applied at 20 U/mg of protein both in the input extract and again while bound to the beads.
Quantitative RT-PCR
Isolated RNA from the pulldowns or directly from input extracts was treated with DNase I, RNase-free (EN0523; Thermo Scientific) prior to cDNA synthesis with the iScript Reverse Transcription Supermix (Bio-Rad) as described elsewhere [5] . The amplifications mixtures (10 μl) used SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and reported oligonucleotides for unedited mRNAs, fully edited mRNA, and reference transcripts [47] . Diluted samples of the examined cDNA produced a single amplicon during linear amplification under our conditions. The end-point amplicons described here have been gel-isolated, cloned and confirmed by sequencing as previously described [5] . Fold-enrichment of mitochondrial and cytosolic transcripts in IgG pulldowns of tagged proteins (induced extracts), relative to a mock pulldown (uninduced extract), was calculated as follows: Fold = 2 [-ddCq] , where ddCq = Cq test IP-Cq mock IP, as in [5] . The relative value for each mutant construct was adjusted to the amount of recovered tagged protein, and subsequently normalized to the tagged WT construct (= 1). The plot in Fig 5B was constructed using data from 3 independent biological replicate experiments, including a total of six amplicons per data point (i.e., two technical replicate amplicons per assay). Two of the independent experiments (including cultures +/-Tet for each mutant) were performed concurrently. The third independent experiment (one set of cultures per mutant +/-Tet) was conducted on a subsequent date. The replicate experiments showed a consistent sample loading in the assays used in our plots. The examined mutant constructs differed in the amount of non-specific association with Tubulin and other cytosolic transcripts that are normally used as internal reference in antibody pulldowns using a common protein bait. The raw Cq values of examined editing transcripts in the pulldowns and the plotted values after normalization indicated a substantial loss of these transcripts in the truncated mutants.
qRT-PCR assays of input extract in S8 Fig were normalized 
Homology modeling and bioinformatics analysis
The multiple-sequence alignment of REH2 and MLE, and that of the H2 F1 zinc finger domains, was done with Clustal Omega [48] . Formatting of the fingers alignment was done with BOXSHADE version 3.21 (http://www.ch.embnet.org/software/BOX_form.html). Sequence alignment of Prp43p, REH2, and other helicases was done using the CDD tool in NCBI [49] . The structure-based searches of T. brucei REH2 used the program Phyre2 [20] . The homology model of REH2 derived from the structure of yeast Prp43p. The inset is a closer view of R2023 and the surround region in the OB-fold. The molecular surface is colored by residue conservation. The image was made using PyMOL version 2.2.
Recombinant protein
6xHis-REH2 (amino acid residues 30-2167) was amplified by PCR (S1 Table) . The gel-purified product was cloned into the NcoI and BamHI sites in the expression vector pET15b by using the NEBuilder HiFi DNA Assembly Master Mix (E262, NEB) and the appropriate primers. The ligation reaction mixtures were transformed into chemically competent Omnimax cells from ThermoFisher Scientific. Colonies with the correct insert were identified by single-colony PCR and then amplified for plasmid purification. The sequence of the flanking vector region and the insert was checked by DNA sequencing. The plasmid DNA was transformed into Rosetta2 DE3 cells (Novagen Inc.) and overexpressed in 4 L of Terrific Broth media by supplementing 2% (v/v) ethanol and 2 mM MgCl 2 at 37˚C. Protein induction with 0.5 mM IPTG was done at a OD 600 of 0.8, and the expression was continued for 22 hours at 16˚C. The cell pellet was stored at -80˚C overnight and was resuspended in lysis buffer (5 mL/g of cell pellet) of 50 mM Tris-HCl pH 8.0, 250 mM NaCl, 1 mM EDTA, and 1 mM DTT along with 10 μg of RNase-free DNase and 15 mg of hen egg white lysozyme. The cells were lysed in an Emulsiflex hydraulic press. The cell debris was pelleted at 39,200 x g for 30 minutes at 4˚C. The supernatant with 6xHis-REH2 was batch attached to equilibrated Qiagen Ni-NTA Agarose at 4˚C for 16 hrs. The helicase was eluted with 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 1 mM DDT, and 250 mM imidazole. The first elution of the purification was dialyzed into unwinding assay buffer. This material was tested for the presence of the recombinant protein in 6% SDS-PAGE stained with Coomassie blue, western blots and antibody pulldowns, and for activity in dsRNA unwinding activity assays in vitro. The alignment was generated with Clustal Omega [48] . Boxes were inserted manually to improve the match between the MLE and REH2 residues. Note that H1032, K1033 and T1034 (in red), which make U-specific contacts in MLE, are aligned with H1998, R1999 and T2000 (in red) in REH2. Predicted α-helix (cylinders) and β- ]. Shorter bars indicate a smaller differential versus 18s rRNA in the sample. For example, ND7 is relatively abundant compared to other transcripts in the sample (i.e., it has a lower Cq). The WT construct is induced or not (+/-). All mutants are induced. All end-point amplicons were examined in gels to confirm that they were single products during linear amplification. Abbreviation of the RNA names is as in Fig 5B. (TIFF) S1 Table. DNA oligonucleotides, gBlocks (IDT) and synthetic RNA. (PDF)
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